Carbonyl iron powders are the most widely used raw powder in fabricating the powder injection molded (PIM) components owing to their high driving forces for sintering. However, the cost of this powder is relatively high. To improve the competitiveness of the PIM process, coarse iron powders, which are much more economical, were mixed with fine carbonyl iron powders in an optimum ratio of 6/4 in this study. This replacement of fine carbonyl iron powders did not change the kneading and molding behaviors significantly. The solvent and thermal debinding rates of the compacts that contain 100 mass% and 40 mass% fine powders also showed little difference. Such debinding results, which are contrary to the general belief, suggest that the particle size is not the critical factor in the debinding of PIM compacts. The debinding rate is more likely controlled by the diffusion of the soluble binder in the solvent (for solvent debinding) and the decomposition rate of the backbone binder (for thermal debinding). High sintered densities can still be attained in the compact with mixed powders after phase stabilizers, such as P and Mo, are added. These additives prevent the -phase transformation and the accompanying exaggerated grain growth. When 0.7 mass%P or 0.35 mass%P+2.5 mass%Mo is added into a mixed powder that contains 60 mass% coarse iron powders, high densities more than 96% can be attained after the compact is sintered at 1593 K for 3.6 ks. The hardness, tensile strength, and elongation of the Fe-2.5 mass%Mo-0.35 mass%P were HRB68, 520 MPa, and 20%, respectively. The densities, mechanical properties, and comparable processing capability found in this study show that the more economical coarse iron powder can be used in the PIM process.
Introduction
Due to the low solid content in the powder injection molded (PIM) compact, it is usually necessary to use powders with high driving forces for sintering in order to attain high final sintered densities. Carbonyl iron powders are, thus, the most widely used raw material in fabricating ferrous PIM components, owing to the fine particle size. However, the cost of this powder is relatively high compared to that of coarse powders such as the water atomized or reduced iron powder used widely in pressed-and-sintered parts. Moreover, fine carbonyl iron powders produce small interparticle pores, which may hinder the solvent and thermal debinding and increase the total processing cycle time. [1] [2] [3] To improve the competitiveness of the PIM process, as compared to other manufacturing processes, the use of the more economical water atomized coarse iron powder is thus a favored alternative. [4] [5] [6] The trade-off, however, is the reduced sinterability due to the smaller surface area of the coarse powders and thus the lower finals sintered density.
The first factor that causes the low sintered densities of iron powder compacts, other than the particle size effect, is the exaggerated grain growth that accompanies the -phase transformation at 1185 K. 7, 8) The second factor is the low diffusivity of iron when sintered above 1185 K in the phase. 9) To inhibit exaggerated grain growth, Al, Ti, and SiO 2 have been added to carbonyl iron compacts to retard the grain boundary movement, and effective results have been reported. [10] [11] [12] Another intuitive approach to alleviate this grain growth problem is to keep the sintering in the phase and avoid the -phase transformation. This can be achieved by sintering the compact below 1185 K 13) or by adding phase stabilizers such as Mo, W, Si, and P. 4, 5, 14, 15) Various methods of using phase stabilizers to improve the densification of mixed coarse and fine iron powder have been reported in the literature. 4, 5) However, detailed processing information on the molding, debinding, sintering, alloy homogenization, and mechanical properties are still limited. Furthermore, the modeling and experimental results focused on the effect of particle size on debinding are even more limited. The objective of this study is thus to provide a detailed comparative study of the processing and properties of PIM compacts that are made from mixed coarse and fine powders.
Experimental Procedure
Two different types of iron powders were used in this study. The fine carbonyl powder had an average particle size of 4.25 mm, while the coarse water atomized powder had one of 45.7 mm. Table 1 shows the characteristics of these two powders. Two phase stabilizers were evaluated as sintering aids. The Mo was introduced in the elemental powder form. The P was added in the form of Fe 3 P compound. The characteristics of these two additives are also given in Table 1 . The amount of each additive was calculated based on their binary phase diagrams with iron, so that, when completely homogenized, the compact would be in the phase from 298 K to the sintering temperature of 1593 K. 16) The amounts selected were 0.7 mass% and 5 mass% for P and Mo, respectively.
To prepare PIM specimens, a multi-component wax-based binder was mixed with metal powders using a sigma-blade kneader. The amount of the solid powder was 93 mass% or 63 vol%. The kneaded feedstock was molded into 2 mm Â 10 mm Â 100 mm plates. The green strength of the specimens was measured using the four-point bending test. To evaluate the moldability, the length of the spiral flow in the mold was measured by following the ASTM D3123-72 method. Molded specimens were immersed in heptane to remove the soluble binder. The specimens were subsequently heated at 0.083 K/s to 923 K and held for 3.6 ks in hydrogen to thermally decompose the remaining binder. The pore size distribution in the debound compact was analyzed with a mercury porosimeter. After thermal debinding, specimens were heated at 0.167 K/s to 1593 K and sintered for 3.6 ks. To monitor the sintering behavior, particularly during the phase transformation, dilatometry experiments were performed on the thermally debound specimens. The sintered density was measured by the Archimedes' method. Results presented are the average of at least 5 specimens. Figure 1 shows the dilatometer curves of the specimens made from 100 mass% fine carbonyl iron powder and 100 mass% coarse atomized powder, respectively. The trends of the curves were similar except that the amount of shrinkage of the coarse powder was only 1.3%, much smaller than the 12.9% of the fine iron powder. To increase the sintered density of the coarse iron powder, 0.7 mass% P was added. But, the amount of shrinkage was still less than 9%. Thus, no further attempt was made using 100 mass% coarse powders. Instead, mixed coarse and fine powders were used in the subsequent experiments.
Results

Sintering behavior
Since the packing density and the tap density of the coarse powder can be improved by filling their interstices with fine powders, the optimum ratio between the coarse and fine powder was evaluated. Figure 2 shows that the tap density of the mixed powder increased as the amount of fine powder increased. The maximum density was attained at 40 mass% fines and is similar to the calculated value of 33.4 mass%. 17, 18) This measured ratio of 40 mass% was thus used for the preparation of the PIM specimens.
To examine how the feedstock of the mixed powder performed during PIM processing, its mold flow property was first examined by comparing the flow length in the spiral-flow mold to that of specimens made from 100 mass% fine iron powders. Figure 3 illustrates that the flow lengths were almost the same for the two feedstocks. No binder-powder separation, nor the rheological problem, which was the concern, was noticed during molding. The other concern was how easily the molded parts might be damaged during handling due to the replacement of the fines by the coarse powders. Table 2 shows that the green strength of the plate specimen made from the mixed powder is lower than that of the specimen made from the 100 mass% fine powders. However, the difference is only 6.1%.
It is generally accepted that the solvent and thermal debinding rates are influenced by the pore size in the compact, which in turn are influenced by the particle size of the raw powder. [1] [2] [3] To examine the effect of particle size on the solvent debinding behavior, the weight loss data were recorded after the specimens were immersed in heptane for different time. Figure 4 (a) illustrates that the mixed powder had a similar solvent debinding rate as that of the fine powder. The thermal debinding rates of the two powders, as shown in Fig. 4(b) , also demonstrate similar behavior. To analyze these results, the pore size distributions of the debound compacts were measured. Figure 5(a) shows that the mixed powder produced only slightly larger pore size after solvent debinding. But, after thermal debinding, its pore size increased significantly. The pore size distribution also became much wider. The small difference in the average pore size, as shown in Fig. 5(a) , suggested that most pores in the solvent debound compact were formed inside the binder due to the extraction of soluble binder components. 19) They were not much related to the size of the interstices among iron particles. Figure 6 shows that the effect of Mo and P on the sintering behavior of mixed iron powders. With 5 mass%Mo addition, the amount of shrinkage improved from 6.5% to 14%, and the sintered density increased from 82.5% to 97.8%. However, the phase transformation was still noticeable at 1185 K, indicating that the homogenization of Mo was incomplete. As expected, the shrinkage rate shown in Fig. 6(b) nearly ceased after the -phase transformation. As the temperature further increased, the shrinkage rate increased again and reached a maximum at 1493 K. This suggested that the remaining Mo in the compact had been further homogenized at high temperatures and that all the phase transformed back to the phase. When 0.7 mass%P, in the Fe 3 P form, was introduced into the mixed iron powder, no discontinuity at 1185 K was noticed. This indicated that the homogenization rate of the P was quite fast even in the compact that contained coarse powders. The final density was 98.7%, relatively high, because there was no exaggerated grain growth and the whole sintering cycle was carried out in the phase.
Although P is an effective sintering aid, it impairs the toughness and elongation of the sintered compact when a high amount is used. This drawback, however, can be alleviated by adding Mo, which retards the segregation of P to the grain boundaries. 20, 21) Thus, the amount of P was reduced by 50% and 2.5 mass%Mo, half of the quantity needed for Mo to keep iron in the phase, was added. Figure 6 (a) illustrates that the sintering behavior of the Fe-2.5 mass%Mo-0.35 mass%P compact was very similar to that of the Fe-0.7 mass%P. The shrinkage rate curve in Fig. 6(b) shows that no significant phase transformation was noticed. When the compact was sintered at 1593 K for 3.6 ks, the amount of shrinkage was 14%, and the final sintered density was 96.4%, also similar to those with 0.7 mass%P or 5 mass%Mo additions. Fig. 3 The spiral lengths of molded specimens that were prepared from the 100 mass% fine carbonyl powder and the mixed powder. Table 2 The bending strengths of the molded compacts that were prepared from fine and mixed iron powders. The weight loss curves of molded specimens that were prepared from the 100 mass% fine powder and the mixed powder during (a) solvent debinding and (b) thermal debinding.
Mechanical properties
The final sintered densities and hardnesses of the specimens that are made from mixed iron powders and phase stabilizers are summarized in Table 3 . Despite the low carbon content of less than 0.03% in all specimens, a minimum hardness of HRB58 was attained. The densities were also greater than 96%. Further tests on Fe-0.35 mass%P-2.5 mass%Mo showed 520 MPa tensile strength and 20% elongation. Since only ferrites are presented in the microstructure, these satisfactory mechanical properties must be attributed to the high sintered density of 96% and the solid-solution strengthening effect of the additives.
Discussion
Effect of coarse powder addition on debinding
In the case of the solvent debinding, several previous studies have proposed that the debinding rate is mainly controlled by the diffusion rate of the dissolved paraffin wax or other soluble binder components in the solvent and not particularly related to the pore or particle size. 22, 23) However, in the case of thermal debinding, it is generally believed that the debinding rate of a PIM compact increases as the particle size increases. Such debinding can be further categorized into two modes. When the pore radius is smaller than the mean free path of the decomposed gas molecules, the flow of the gas is diffusion controlled. When the pore size is much larger than the mean free path of the gas molecules, then the flow of the gas is permeation controlled. 1) With the large pore sizes present in the compacts investigated, with most larger than 1 mm, the permeation mode should be the rate limiting mechanism. Numerous models have been proposed to approximate the debinding time or the permeability under such conditions. The most popular estimation suggests that the permeability is proportional to the particle size squared. 24) However, the results in Fig. 4(b) indicate that the thermal debinding rate is not markedly related to the particle size. These preliminary examinations suggest that the debinding of PIM compacts could be different from what is predicted by fluid flow through porous compacts. Our contradictory result suggests, instead, that debinding is controlled by the decomposition rate of the backbone polymer. Detailed studies with broader ranges of particle size, in both diffusion and permeation controlled cases, and processing parameters will be necessary to further understand these findings and the interpretation.
Effect of phase stabilizer on densification
To fully take advantage of the elimination of the phase transformation of iron, the phase stabilizers should be dissolved into the iron before the compact reaches 1185 K. Figure 6 indicates that only P was completely homogenized, and thus no deflection on the dilatometer curve was noticed at 1185 K. This is because P has a high diffusion rate in the iron, as shown in Table 4 , and it was added in the form of fine compound Fe 3 P powders that contained only 15.6 mass%P. Thus, a greater volume of the additive was dispersed in the matrix, with the diffusion distance being thus decreased. In the case of Mo, it was added in the elemental powder form. Moreover, it has a high density. Thus, less volume of Mo was presented in the iron matrix and slower homogenization rates were expected.
It was also noticed in Fig. 6 that even when Mo was not completely homogenized and could not stop the phase transformation at 1185 K, enhanced densification still occurred. This implies that either the exaggerated grain growth was retarded or that the diffusion rate was increased. An experiment was thus performed by heating the Fe-5 mass%Mo specimen made from mixed iron powders at 0.167 K/s to 1203 K, immediately cooling it to 1173 K, and then holding it for 3.42 ks. The results, as shown in Fig. 7 , illustrates that considerable densification occurred during the isothermal sintering at 1173 K. In contrast, the densification of mixed iron powder stopped during holding. These results suggested that the un-dissolved Mo particles or Mo-rich areas will hinder the exaggerated grain growth of iron at 1185 K and cause continued densification.
Conclusions
An attempt is made in this study to improve the competitiveness of the PIM process by replacing 60 mass% of the fine carbonyl iron powder with the more economical water atomized powder. The kneading and molding behavior of the mixed powder, which has a high packing density, does not show significant differences from those of 100 mass% carbonyl iron powders. The solvent and thermal debinding rates are also similar, contrary to general expectations. This irrelevance of the particle size in debinding suggests that the diffusion of soluble binders and the decomposition rates of the backbone binders are the controlling mechanisms in the solvent and thermal debinding processes, respectively.
To attain high sintered density of the mixed powder, phase stabilizers, Mo and Fe 3 P powders, are introduced. The results show that Fe 3 P is the most effective additive. The elimination of the -phase transformation and the accompanying exaggerated grain growth results in the final density of mixed powder compacts being improved from 82.5 to 98.7% for Fe-0.7 mass%P and 96.4% for Fe-0.35 mass%P-2.5 mass%Mo, respectively. The homogenization of the additives is satisfactory, despite of the large iron particles employed. The mechanical properties attained for the Fe-0.35 mass%P-2.5 mass%Mo are adequate for use as structural parts, as they have 520 MPa tensile strength, 68HRB hardness, and 20% elongation. Temperature, T / K Fig. 7 The dilatometer curves of Fe and Fe-5 mass%Mo specimens made from mixed iron powders when heated to 1203 K, cooled immediately to 1173 K, and then held for 3.42 ks.
